ABSTRACT About 68 extrasolar planets around main-sequence stars of spectral types F, G, and K have been discovered up to now. The minimum masses ( ) of these planets are ranging from fractions of a Jupiter mass (M J ) M sin i p to 15 M J . The semimajor axes of the planetary orbits range from 0.04 out to 4 AU. At large semimajor axes, only massive planets have been discovered because of observational selection effects. For semimajor axes less than 0.1 AU, however, there seems to be an observational lack of very massive planets (11 M J ). Here we explain the absence of massive planets at these distances by tidal interactions between planets and their central star that lead to a rapid decay of a planetary orbit toward the Roche zone of the star within a short timescale. A higher metallicity of planet-bearing stars and the recent discovery of a 6 Li excess of a G0 star might further indicate that planets can indeed get lost in their host stars.
INTRODUCTION
Since the discovery of the companion of 51 Pegasi (Mayor & Queloz 1995) , many more extrasolar planets orbiting Sunlike stars of spectral types F, G, and K have been discovered in the mass range from 0.16 to 15 Jupiter masses ( ). The M J total number of known extrasolar planets is now (2001 September) 68, including seven planetary systems with two or more planets. Only the minimum planetary mass cañ M p M sin i p p be derived as long as the inclination angle i of the planetary orbital plane cannot be determined unambiguously. The elements of these planetary orbits are determined from the analysis of the variation of the radial velocity of the central star. From the precise determination of the radial velocity variation period, interpreted as the extrasolar planet's orbital period, and an estimate of the stellar mass, the semimajor axis can be derived with the aid of Kepler's third law. Surprisingly, planets were found from very close distances to their host stars (0.038 AU for HD 83443b as the closest and also the innermost of one of the planetary systems) to distances as far as 4 AU (the outer known planet of 55 Cnc, also a planetary system). Up to now, only one planet allowed us to derive its true mass (and size M p and therefore density) from its transit across the stellar disk of HD 209458 in combination with radial velocity measurements Jha et al. 2000; Henry et al. 2000; Brown et al. 2001 ). In addition, upper limits of true masses do exist for a few other planets (Gonzalez 1998; Cameron et al. 2002) but are not verified. Figure 1 ) has a planetary mass greater than 1 M J . In fact, most other planets in this distance range have masses well below 1 M J . Massive close-in planets should be detected much easier than all other planets within 0.1 AU, and one would expect a similar mass-distance distribution as in the distance range 0.1 AU. We shall not discuss the AU ! a ! 1 possible formation process for the close-in planets, but we take the currently observed planetary orbital parameters as a matter of fact and attempt to give an explanation for this apparent lack of massive close-in extrasolar planets.
TIDAL INTERACTIONS
Close-in extrasolar planets are experiencing strong tidal interactions with their central star. If the planet's orbital period is smaller than the star's rotation period, tidal friction will lead to a spin-up of the star and, due to the conservation of momentum, will also lead to a decrease of the semimajor axis of the planet's orbit. For the 14 currently known extrasolar planets within 0.1 AU to their central star, the stellar rotation periods of six stars are known, and all are larger than the revolution or orbital period of their respective planet. The values of of another four stars are also known, and using an avv sin i erage stellar radius corresponding to their stellar type, these L118 WHERE ARE MASSIVE CLOSE-IN EXTRASOLAR PLANETS? Vol. 568 Ϫ1 by the radial velocity method (Perryman 2000) . The lack of small planets at AU is caused by observational selection effects. Note a 1 1 that there is also a lack of massive planets within 0.1 AU compared with the distance range . The marked values for t Bootis describe 0.1 AU ! a ! 1 AU two minimum masses and three true mass limits as found in the literature (see footnote 1). 10 ! Q ! 3 # 10 * imum masses) suggest an orbital decay within 700 million years if it proves correct that the stellar rotation period is larger than the planetary revolution period (13.31 days). The solid line describes the same effect for the Sun/ Jupiter case if we were able to transfer Jupiter to distances less than 0.15 AU. The size of the symbols mark the magnitude of the stellar property ratio . 
where G is the gravitational constant, and are the stellar M R * * mass and radius, respectively, is the stellar Love k p 0.2 2 * number for a Sun-like star in hydrostatic equilibrium (as derived from the normalized moment of inertia, the oblateness, and the quadrupole moment [Murray & Dermott 1999] using the internal structure of the Sun based on the standard solar model [Bahcall et al. 1982 5 # 10 ≤ Q /k ≤ 1.5 # 10 * 2 * effect of of these two parameters (see eq.
[1]). This is Q /k * 2 * in agreement with the range of energy dissipation for mainsequence stars used in the literature (Lin, Bodenheimer, & Richardson 1996; Trilling et al. 1998; Bodenheimer, Lin, & Mardling 2001 the spectral type of the central star has been used for further analysis of equation (1). The timescale represents the remaining time for the orbital t a * decay due to tidal interaction and not the time since the formation of the stellar system. Plotting versus the semimajor t a * axis for all planets within 0.15 AU (Fig. 2) , it is evident that some of these planets will spiral into the central star within the next 5-10 Gyr, typically the remaining time of a developed star on the main sequence. The star t Bootis b, with a minimum mass of , may spiral inward already within the next 4.3 M J 500-700 million years (using in Fig. 2 ), unless 5 Q p 3 # 10 * it is in a double synchronous orbit (see § 3). The planets requiring more than 10 Gyr all orbit around K stars with small stellar masses and radii. The star t Bootis b is the most massive (5-10 times more massive) of these 14 planets. It is evident that the massive planets would spiral in much faster than others and that all planets within 0.1 AU around F stars will spiral into the Roche zone much faster than planets around G and K stars. This is due to the much larger ratio of F stars compared with question of what happened to the very massive close-in planets that may have existed in the past. This question is addressed in the following discussion.
3. DISCUSSION We can use equation (1) to estimate the maximum critical mass of a planet at a given distance a from its central star, M p, c which will still exist after a time t age . Starting with the tides raised by the planet on the star, tidal friction in the star will lead to a spin-up of the star and to a change in the semimajor axis of the planetary orbits: 
We can then solve for the maximum critical planetary mass if we identify as the age of the star, and Figure 3 displays the critical mass versus the semimajor M p, c axis for stars of the spectral type F at two stellar ages, 2 Gyr (a young system like t Bootis) and 5 Gyr (a typical solar system age), and for two stellar dissipation factors, as 5 Q p 3 # 10 * an average and as our selected upper limit.
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Q p 3 # 10 * Figure 3 suggests that for , only planets 5 Q p 3 # 10 * smaller than 1.8 and 0.7 are expected at 0.05 AU after 2 M J and 5 Gyr, respectively. At 0.06 AU, the respective mass limits are 2 and 5
(the large uncertainty in the mass limits is M J mainly caused by the uncertainty in ).
Q * The star t Bootis needs to be discussed in more detail because the five derived mass values for t Bootis (see footnote 1) are close to the mass limit for 2 Gyr in Figure 3 and are well above the critical mass after 5 Gyr if . Cameron et al.
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Q p 3 # 10 * (2002) and Gonzalez (1998) report a stellar rotation period of 3.3 days for t Bootis, and compared with the planet's revolution period of 3.3128 days, this would set the system in or near double synchronous rotation (stellar rotation p planetary rotation p planetary or orbital revolution). Inside 0.2 AU, tides do synchronize the planetary rotation with the orbital revolution very fast. Then the tidal friction would not change the semimajor axis but would lead only to the circularization of the planet's orbit. Baliunas et al. (1997) and Butler et al. (1997) determined the stellar rotation to be 5.1 and 6.9 days, respectively. In this case, the system would be subject to rapid tidal inward movement toward the Roche zone within the next 700 million years, and we would indeed see a planet on its way into the central star; t Bootis is considered a very young system with an estimated age of Gyr (Butler et al. 1997) . The 2 ‫ע‬ 1 reason why the massive planet (true mass 15 M J ) about t Bootis still exists at 0.046 AU after 2 Gyr may be that the system is indeed in double synchronous rotation or that the dissipation factor is at the selected limit of . However, the 6 Q p 3 # 10 * observations by Fuhrmann, Pfeiffer, & Bernkopf (1998) seem to confirm the stellar rotation period of 3.3 days and the double synchronous rotation. Unfortunately, the age and the stellar rotation rate of HD 179949, an F star with a planet at 0.043 AU,
are not known. This planet would spiral inward within 4 Gyr if it eventually proves correct that the stellar rotation period is larger than the planet's revolution period of 3.09 days (Fig. 2) . For , our lower limit, the low-mass planets of the 5 Q p 10 * F stars u And and HD 179949 would already be lost in their host stars and should not have been observed (we exclude t Bootis here because of its likely stable double synchronous orbit). Therefore, Figure 3 suggests a stellar dissipation factor on the order of for at least the F stars, shown in 6 Q 1 10 * Figure 3 . We conclude that once a massive planet (M 1 p ) is inside 0.1 AU and inside the star rotation/planet rev-M p, c olution synchronous orbit, which is observed for a number of L120 WHERE ARE MASSIVE CLOSE-IN EXTRASOLAR PLANETS?
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planetary systems, tidal friction will lead to the decay of the semimajor axis and the migration of the planet toward the stellar Roche zone in less than the stellar lifetime (Fig. 2) . The rate of the orbit decay is defined by stellar properties: the ratio of stellar radius and mass (which is most efficient for F stars) times the true mass of the planet, , and the dis- We have demonstrated that tidal interactions are an efficient mechanism that may explain the apparent observational lack of very massive close-in extrasolar planets. We now use our results for discussion of the recent discovery of Israelian et al. (2001) , who report 6 Li in the atmosphere of HD 82943, a G0 star; 6 Li is rare in stellar atmospheres but common in the atmospheres of giant planets. This discovery is interpreted as the probable engulfment of one or more giant planets of a total mass of 2.2 M J , or terrestrial planets of 3 Earth masses by the host star. Speculating that the 6 Li excess of HD 82943 was caused by one lost giant planet of mass 2.2 M J , taking further the stellar age of 5 Gyr, using , and computing a p a 0 R o c h e , one yields a semimajor axis of 0.046 AU and a a (t ) start age revolution period of 3.5 days. Compared with the stellar rotation period of 20.9 days, a massive planet of at this 2.2 M J distance would be subject to orbital decay within 5 Gyr. Suckov & Schultz (2001) found that planet-bearing F stars have a much higher metallicity than other F stars. At this point, it is still open to speculation whether higher metallicity is caused by infalling planets or whether it is intrinsic to the formation of stars harboring planets. However, if infalling planets cause a higher metallicity and a 6 Li excess, orbital decay by tidal friction would serve as an efficient mechanism for losing close-in massive extrasolar planets.
